Abstract Non-linear and anisotropic heart valve leaflet tissue mechanics manifest principally from the stratification, orientation, and inhomogeneity of their collagenous microstructures. Disturbance of the native collagen fiber network has clear consequences for valve and leaflet tissue mechanics and presumably, by virtue of their intimate embedment, on the valvular interstitial cell stress-strain state and concomitant phenotype. In the current study, a set of virtual biaxial stretch experiments were conducted on porcine pulmonary valve leaflet tissue photomicrographs via an image-based finite element approach. Stress distribution evolution during diastolic valve closure was predicted at both the tissue and cellular levels. Orthotropic material properties consistent with distinct stages of diastolic loading were applied. Virtual experiments predicted tissue-and cellular-level stress fields, providing insight into how matrix-to-cell stress transfer may be influenced by the inhomogeneous collagen fiber architecture, tissue anisotropic material properties, and the cellular distribution within the leaflet tissue. To the best of the authors' knowledge, this is the first study reporting on the evolution of stress fields at both the tissue and cellular levels in valvular tissue and thus contributes toward refining our collective understanding of valvular tissue micromechanics while providing a computational tool enabling the further study of valvular cell-matrix interactions.
significant progress has been made and candidate mechanostimulatory factors identified, it remains unclear how best to mechanically condition tissue engineered heart valves (TEHV) and, ultimately, how well TEHVs can mimic native valvular structure and function. Toward addressing these and other unresolved questions concerning valvular structure-function correlates, it is essential to continue refining our understanding of the microstructure and mechanical properties of native heart valves, particularly stress transfer from the extracellular matrix (ECM) to valvular interstitial cells (VICs).
The ECM largely comprises collagens, elastin, and glycosaminoglycans, which in coordination confer valves their mechanical integrity and unique functional characteristics [6] [7] [8] . The non-linear and anisotropic mechanical behaviors of aortic and pulmonary valve leaflet tissues have been comprehensively quantified and constitutively modeled via biaxial testing [9] [10] [11] [12] [13] [14] 63] . It has been observed that progressive collagen fiber rotation into the principal direction of loading, uncrimping, and transverse compaction collectively enable the tissue to withstand diastolic transvalvular pressure [10] [11] [12] . Toward understanding valvular failure mechanisms, previous studies have aimed to determine the stress distributions in heart valve leaflet tissues by finite element analysis and homogenization of the collagen fiber distribution [15] [16] [17] [18] . However, these previous linear elastic, isotropic, or non-linear anisotropic tissue-level models have yet to incorporate embedded VICs.
Ex vivo bioreactor cultivation of native valvular tissues [19] [20] [21] [22] and the in vitro application of stretch or defined substrate stiffness to VICs [23] [24] [25] and VIC-based engineered tissues [26, 27] have collectively demonstrated that the VIC phenotype can be modulated by the mechanical environment [28, 29] . Nevertheless, how heart valve leaflet tissue-level stresses and strains manifest locally at the cellular level remains unclear. Huang et al. demonstrated that VIC nuclei can deform in response to the application of diastolic transvalvular pressures [13] . More recently, Lewinsohn et al. demonstrated that strain transfer through the porcine aortic valve leaflet is anisotropic [30] . While strain transfer upon loading in the leaflet radial direction was linear, cellular strains reached only one-third of the tissue level values when stretched in the circumferential direction. In conjunction with the heterogeneous structure of the valve leaflets, it is expected that micromechanical interactions at the VIC-ECM interface may likewise be heterogeneous, eliciting distinct biological signaling at distinct locations within the leaflet. Nonetheless, neither numerical simulations based on simplified homogeneous finite element models nor models excluding cells can fully describe the micromechanical interactions within the heart valve leaflet tissue.
In order to better understand how external mechanical forces can translate into altered VIC stress states, in the current study we adapt our image-based finite element analysis technique to investigate the stress evolution at both the tissue and cellular levels during diastole [31] . Anisotropic tissue-level finite element models were incorporated, wherein three sets of linearized elastic orthotropic material properties were applied in virtual biaxial experiments to simulate stiffness changes associated with distinct stages of diastolic loading.
Materials and methods

Image-based finite element analysis
The imaged-based finite element analysis (FEA) approach applied herein is capable of simulating physiologic biaxial stretching of valvular tissue matrix and cells from photomicrographs of histological tissue sections. Briefly, open-source Object-Oriented Finite Element (OOF2) software [32, 33] , developed by the National Institute of Standards and Technology (Gaithersburg, MD, USA), was used to read an image and to apply various boundary conditions to the finite element model for the determination of the stress field in the virtual materials system. In order to prescribe distinct material properties to individual tissue constituents, we previously developed a pixel selection extension [31] that dynamically interacts with OOF2. The extension utilizes the hue-saturation-intensity (HSI) color space to distinguish objects within the image; for example, cell nuclei (black), collagenous ECM (pink), and pore space (white) can be prescribed distinct material properties in photomicrographs of hematoxylin and eosin (H&E)-stained heart valve leaflet tissue histological sections (Fig. 1) . The extension helped to ensure that all pixels in the images were assigned to their appropriate pixel groups and facilitated material property assignments in the FEA process. The current study aims to present an image-based simulation. Micrographs of histological sections stained by Masson's trichrome, Picrosirius red, or combining with immunohistochemistry for confocal microscopy, as well as fixation for transmission electron microscopy, could also be utilized in these image-based simulations.
To reveal the microstructure of the ECM and VICs for microscopic investigation, panoramic histological photomicrographs were prepared in the image-based FEA program ( Fig. 1 ) [13, 14] . Briefly, porcine pulmonary valve (PV) leaflet samples were fixed in 10% (v/v) neutral buffered formalin, paraffin embedded, sectioned, and stained with H&E and the histological slides were digitized as photomicrographs via an optical microscope [13, 14] .
Assumptions adopted in finite element modeling
Heart valve leaflet tissues are highly collagenous and can be characterized as effectively planar, owing to their relatively small thickness (~400 µm) compared to their orthogonal, lateral dimensions (ca. 3 cm for porcine pulmonary valve leaflets) [34] . Therefore, heart valve tissues are sometimes treated as two-dimensional in computational models [31, [35] [36] [37] [38] [39] . Moreover, heart valve tissues are subjected to transvalvular pressure (P) generated during diastole in the negative axial (A) direction, such that the tissues must generate resistant loads (T) or stretches in the circumferential (C) and radial (R) directions to balance out the pressure (Fig. 2) . The Young-Laplace equation is applied in the current study to relate the pressure difference to the leaflet tension: T ¼ P r 2 , where T, P, r are leaflet tension, pressure difference and radius of the sample, respectively. Of note, the leaflet is treated as a very thin surface. To study how the collagen fiber microstructure affects stress fields of the valvular tissue, we utilize equibiaxial stretching on the image-based finite element model to represent the boundary conditions of heart valve tissues during diastole and the appropriate stretching is derived from the leaflet tension T via the Young-Laplace equation, as shown in Fig. 2 . d Eosin-stained collagenous ECM selected from the original image (red). The extension ensures that all pixels in the images are assigned to their appropriate pixel groups. Scale bar=10 μm, x400 original magnification 2.3 Constitutive relations used in finite element simulations Based on our previous biaxial mechanical analysis of PV leaflet tissue [14] , three piecewise linearized elastic orthotropic material property sets associated with distinct toe (0-18%), transition (18-28%), and linear (28-35%) equibiaxial strain ranges (Table 1) were used to obtain the constitutive relation for orthotropic materials capable of simulating non-linear anisotropic material properties within finite element models. Due to the relative thinness of the tissue histological sections imaged (i.e., 4 μm), the finite element model in the current study was considered to be under two-dimensional (2D) plane stress with equibiaxial boundary conditions. For the plane stress material (σ 3 =0, τ 23 =τ 13 =0), the constitutive equation can be reduced to:
where S ij is the compliance matrix (i, j=1, …, 6), ε and γ are the strains and σ and τ are the stresses. The 2D compliance matrix for orthotropic materials can be determined via the moduli of elasticity E i , Poisson's ratios ν ij , and the shear moduli G ij [40, 41] :
Fig. 2 During diastole, heart valve leaflets are subjected to transvalvular pressure and it is balanced by the tensions T in the C and R directions. The Young-Laplace equation, which demonstrates the relationship between transvalvular pressure difference and leaflet tension, is applied in the current study to relate the pressure difference to the force in the leaflet, where the leaflet is treated as a very thin surface and consequently the stiffness matrix [C] can be obtained as follows:
The Poisson's ratio ν 12 was assumed to be 0.45 for the orthotropic collagen fibers and ν 21 was derived from the relation ν 21 =ν 12 Ε 2 /Ε 1 [40, 41] . By contrast, cells were considered as isotropic materials (E cell =0.9 kPa and ν cell =0.45) [13, 42] ; pore space was an isotropic material as well (E pore =0.01 kPa and ν pore =0.45). The shear moduli were obtained from the
, where i, j=1, 2. As a result, the following three stiffness matrices for the porcine PV leaflet tissue were calculated based on data in [14, 43] : 
Biomimetic virtual experiments
To predict the tissue-level stress evolution in the PV leaflet tissue during diastolic loading, six sets of virtual experiments were conducted to simulate sub-to supra-physiological biaxial strains. In particular, equibiaxial strains ranging from 10 to 35% were simulated in increments of 5%, with the highest strains (35%) more representative of those incurred by the aortic valve during diastole [13] and thus what might be expected in the PV upon ectopic transplantation, such as in the Ross procedure [6, 8, 44] . In the process of the FEA modeling, the selected histological photomicrograph (1,000× 1,000 pixels) captured the inhomogeneous collagen fiber microstructure and cell nucleus morphologies (Fig. 3a, b) . Pixel groups were selected to represent different materials by color and each group was prescribed distinct material properties. The four-node quadrilateral plane stress element type was applied and the boundary conditions were varied from 10 to 35% equibiaxial stretching at increments of 5% (Fig. 3c) . To better visualize the stress distribution within the tissue samples, nine sub-regions were defined (Fig. 3d) .
To obtain the stress evolution around a single-cell nucleus, a representative VIC was selected from region 2. Since it was challenging to obtain the location data of the cell in the original photomicrograph (Fig. 3e) , the VIC was selected based on the σ 1 contour that evolved under the 35% equibiaxial strain condition (Fig. 3f) . To evaluate the stress evolution of said VIC, 21 point locations around the cell boundary were defined (Fig. 3f) . Due to the rigid body motion of the cell, it was noted that the contour of the VIC nucleus after stretching was slightly different from the outline of the cell in the original photomicrograph (Fig. 3e) .
Results
The FEA results illustrated distinct features of the stress distribution in PV leaflet samples under equibiaxial stretching (Fig. 4) . Figure 4a -c presents stress fields from the PV model under 15% strain. As expected, based on the higher moduli of elasticity prescribed for the circumferential versus radial directions, the overall circumferential stresses (σ 1 ) were predicted to be higher than the radial stresses (σ 2 ) and shear stresses (τ 12 ) in all models. In particular, the differences between σ 1 and σ 2 or τ 12 were visually evident under the simulated application of 30% equibiaxial strain (Fig. 4d-f) . To better understand the changes in stress around the cell (Fig. 4) . Moderate stresses were observed around the perimeters of cell nuclei for tissue models under 15% strain stretching: σ 1 at location A is 1.75 kPa, at location B is 3.79 kPa, and at location C is 3.54 kPa (Fig. 4a) , σ 2 at location A is 1.42 kPa, at location B is 2.03 kPa, and at location C is 3.96 kPa (Fig. 4b) and τ 12 at location A is −0.34 kPa, at location B is 0.57 kPa, and at location C is 1.72 kPa (Fig. 4c) . In contrast, much higher stresses were observed for tissue models under 30% strain: σ 1 at location A is 1,292.15 kPa, at location B is 1,139.38 kPa, and at location C is 746.84 kPa (Fig. 4d) , σ 2 at location A is 81.72 kPa, at location B is 82.4 kPa and at location C is 185.33 kPa (Fig. 4e) , and τ 12 at location A is −111.48 kPa, at location B is 161.76 kPa, and at location C is 301.01 kPa (Fig. 4f) .
For other sets of virtual experiments, the ratio of σ 1 under 35% strain to that under 10% strain was predicted to be 1,288 (σ 35% / σ 10% =1,507.51 kPa/1.17 kPa = 1,288). Interestingly, the ratio of σ 2 under 35% strain to that under 10% strain was predicted to be only 100 (σ 35% / σ 10% =95.35 kPa/0.95 kPa = 100). That is, σ 1 rapidly increased while σ 2 changed relatively modestly between 10 and 35% strain. A similar trend was evident for changes in stress at locations B and C. Localized high stresses around the perimeter of the cell nuclei were thus predicted by the model to be direction-dependent (i.e., anisotropic), suggesting that the preferred collagen fiber direction has a greater effect on how the forces are transmitted to Fig. 4 Stress distribution of the anisotropic finite element model under 15% and 30% equibiaxial strains, respectively. Select locations with coordinates (182,556), (460,492), and (203,300) are denoted by an arrow (A), a box (B), and a circle (C), respectively. High stresses were observed around the perimeters of cell nuclei. a σ 1 at location A is 1.75 kPa, at location B is 3.79 kPa, and at location C is 3.54 kPa. b σ 2 at location A is 1.42 kPa, at location B is 2.03 kPa, and at location C is 3.96 kPa. c τ 12 at location A is −0.34 kPa, at location B is 0.57 kPa, and at location C is 1.72 kPa. Color key: blue=−2 (kPa) and red=10 (kPa). d σ 1 at location A is 1,292.15 kPa, at location B is 1,139.38 kPa, and at location C is 746.84 kPa. e σ 2 at location A is 81.72 kPa, at location B is 82.4 kPa, and at location C is 185.33 kPa. f τ 12 at location A is −111.48 kPa, at location B is 161.76 kPa, and at location C is 301.01 kPa. Color key: blue=−200 (kPa) and red=1,500 (kPa) cells. Such higher stresses may be transduced by VICs into regulatory signals, as discussed in the next section.
Furthermore, the VIC location also appeared to be an important factor affecting the stresses around the cell nuclei. For example, comparing locations A and B among the six sets of virtual experiments, it was noted that higher σ 1 stresses were predicted at location A. Comparing locations A and C among the six sets of virtual experiments, it was observed that higher σ 2 stresses were predicted at location C. Therefore, it can be speculated that the magnitude of the cellular phenotypic response (e.g., collagen turnover) may be different in the vicinity, for example, of the leaflet free edge or commissures compared to the belly region, owing to the different mechanical stresses associated with each of these structurally and compositionally distinct regions of the valve. Figure 5 illustrates non-linear stress evolution around the perimeter of a selected VIC. It was observed that σ 1 rapidly increased and reached a maximum at locations 4-9 on the cell nucleus boundary (Fig. 5a) . The maximum values of σ 2 were found at locations 1, 2, 3 and 21 on the cell nucleus boundary (Fig. 5b) . These results suggest that the magnitude of cellular phenotypic responses may be higher in response to stretching along the boundary parallel to the preferred collagen fiber direction. Corresponding strain evolutions parallel to the circumferential (e 1 ) and radial (e 2 ) planes of the representative VIC nucleus are shown in Fig. 5c-d . It is observed that nuclear dimensional changes were greatest in the radial direction, consistent with the larger tissue strains in this direction [7] . The strain evolution along the third direction, i.e., transmural direction, could be calculated based on the incompressibility assumption [45] [46] [47] [48] (Fig. 5e) . Therefore, a three-dimensional ellipsoidal shape of the VIC nucleus during diastole could then be delineated. Collectively, these simulations predict that the increasing effective load in the circumferential direction due to preferential collagen fiber alignment plays a critical role in determining the high stress that cells experience.
Discussion
Decades of experience with valve replacement by nonviable bioprosthetics and cryopreserved allografts has indirectly demonstrated the critical role of VICs in leaflet tissue homeostasis; without the benefit of VIC-mediated ECM maintenance, progressive fatigue-mediated and calcific degeneration are incurred [49] . In pediatric applications, the effective absence of a viable cellular constituent is analogously marked by a lack of normal growth potential [50] . While current valve replacements have been invaluable in the treatment of both acquired and congenital valvular heart disease, the development of improved therapeutic strategies and replacement valves, including TEHVs [9] , could benefit from a better understanding of the normal interactions between VICs and their ECM in healthy heart valve leaflets.
Compositionally, morphologically, and mechanically, heart valve leaflet tissues are characterized by their planar and transmural heterogeneity, with the complexity of the distinct free edge, belly, nodulus, and commissure regions [34] compounded perpendicularly by the fibrosa, spongiosa, and ventricularis layers [51] . It is thus reasonable to suspect that all VICs distributed throughout an individual leaflet may not respond identically to physiologic tissuelevel stresses and strains: their responses may depend on the local type, concentration and orientation of the collagenous ECM. Indeed, anisotropic and attenuated strain transfer has recently been demonstrated in explanted porcine aortic valve leaflet tissues [30] . Using triads of VIC nuclei as fiducials, local strains calculated at a uniaxially applied tissue-level strain of 30% only reached~10% and~20% under circumferential and radial stretches, respectively. Nevertheless, while studies have begun to address the influence of mechanical stretch on in vitro cultured VICs [24, 26, [52] [53] [54] [55] and explanted leaflet tissues [19, 20] , comparatively few studies have investigated the micromechanical interactions between the VICs and ECM in situ [13, 56] , in order to quantify regional stress distributions associated with the heterogeneous ECM or the stress-strain state of an individual VIC.
In the current study, the image-based finite element software OOF2 was used in conjunction with a custom-coded pixel selection extension to predict the stress distribution within heterogeneous porcine PV leaflet tissue, as well as the evolution of stress at the level of an individual c Fig. 5 The stress evolution around a representative VIC nucleus under progressive stretch up to 35% strain. a σ 1 at locations 4-9 on the cell boundary rapidly increased and reached a maximum. b The highest σ 2 was found at locations 1, 2, 3, and 21. c, d Corresponding strain evolution of the representative VIC nucleus. e The strain evolution along the transmural direction could be calculated based on the incompressibility assumption to obtain a three-dimensional ellipsoidal shape of the VIC nucleus during diastole VIC nucleus. Anisotropic tissue-level mechanical properties were incorporated into the finite element model by way of three sets of linearized elastic orthotropic material properties, as derived from our previous biaxial mechanical test results [14] . A limitation of the current study is that the finite element model was solved under small deformation assumptions. Specifically, we provide three sets of linear constitutive relations to describe the mechanical behavior of the valve leaflet; the goal is to describe the non-linear anisotropic material property of tissues as close as possible in our simplified model. When large stretching (above 128%) is applied on the tissue sample, the third set of the linear constitutive equation (Table 1b) could be used to describe the complex material behavior of the tissue. The goal is to provide an easily adopted and simplified method to simulate stress distribution in the heart valve during diastole. As such, an OOF2-based finite element analysis approach implementing finite deformation is currently under development. Another limitation of the current study is that the cell morphologies captured in the photomicrographs and analyzed by the current 2D FE model may not fully recapitulate the 3D morphology and associated changes present in vivo. Moreover, we used a constant material parameter for the cells over the entire range of strains. A refined finite element simulation during diastole is currently being developed considering a varied cell modulus at all stages of strains.
The results of the current study indicate that the stress transmitted from the ECM to the VICs is dependent on the heterogeneous collagen fiber architecture, VIC distribution, and the anisotropic tissue properties (Fig. 4) . The stress representative VIC may be influenced by the interactions with neighboring VICs and/or the surrounding ECM and is predicted to vary with the location around the perimeter of the cell nucleus (Fig. 5) . Several factors may contribute to the stress distribution that evolves within heart valve leaflet tissues, such as the orientation of collagen fibers, morphologies and/or sizes of the VICs and the local composition and degree of crosslinking of the ECM. Moreover, it is well recognized that valvular tissues [57] and VICs [58] are viscoelastic; the effects of viscoelasticity on stress distribution evolution within leaflet tissue and at the level of individual VICs remain to be ascertained.
At the organ level, comparing the four individual heart valves, Merryman et al. demonstrated in ovine leaflet tissues that transvalvular pressure correlated positively with VIC stiffness and collagen synthesis [59] . Hierarchically, the evidence presented herein for the evolution of a heterogeneous stress distribution due to the heterogeneous and anisotropic ECM within the PV leaflet suggests that perhaps more subtle but functionally important, differences in VIC stiffness and collagen synthesis may be present within the individual leaflets. Such differences may be particularly evident at locations of high stress (Fig. 5 ). Regional differences in VIC-ECM mechanical interactions may be important not only in normal heart valve function but also in the progression of calcific degeneration or adaptation to ectopic transplantation, such as in the functional adaptation of PV autografts to systemic pressures in the Ross procedure [60] . For example, Fisher et al. demonstrated that calcific nodule formation by in vitro cultured porcine aortic VICs is strain dependent [24] . As such, the stress results predicted in the current study (Fig. 5 ) may be useful in relating such phenomena from in vitro studies back to the in situ setting.
Ultimately, the mechanotransduction of mechanical forces transmitted from organ-level motions of valve leaflets, through the ECM down to VICs, depends on the number and nature of integrin-and other cell adhesion receptor-mediated attachments between the VICs and their surrounding ECM [61] . As the linkage between the VIC and ECM, transmission of forces through these points of attachment may be critical to physiologic function and pathogenesis. For example, disruption of α 5 β 1 integrin binding between in vitro cultured porcine aortic VICs and fibrin or fibronectin substrates results in up-regulation of osteogenic markers, signaling a calcific response [62] . A unique advantage of the image-based finite element approach utilized herein is that serial histological sections of tissue can be stained not only for general morphology, as by H&E in the present study but also for specific phenotypic markers by immunohistochemical techniques, thereby offering the opportunity to spatially correlate the finite element predicted stress and strain distributions with cell phenotype. As a result, the image-based finite element approach developed in the current study is well suited for further investigations into VIC-ECM interactions.
Conclusions
Through image-based finite element analysis of PV leaflet tissue sections, the current study provides insight into the relationships between heart valve mechanics, microstructure, and material properties. In particular, the virtual experiments conducted herein complement previous studies of VICs and valve mechanics by predicting the stress distribution evolution within the ECM and at the level of an individual VIC. This approach, incorporating the collagen fiber architecture, VIC distributions and the anisotropic material properties of the ECM, provides a tool for comprehensively quantifying the stresses during diastolic valve closure. Through the investigation of VIC-ECM mechanical interactions in healthy heart valve leaflets, results of the current study may be useful in understanding the pathogenesis of valvular diseases and in guiding the development of improved therapeutic approaches and valve replacements.
